Abstract. Different types of impact test methods have been used in recent years to measure the impact resistance of natural fibre composites (NFCs). After reviewing the literature, the impact resistance of flax, hemp, sisal, wood and jute fibre composites that were measured using different test methods have been compared and discussed. It has been learned that the test methods were selected for research interest, industry requirement or availability of test equipment. Each method had its own advantages and limitations. The result from a particular test could be compared but not with the result from other test methods. Most impact test methods were developed for testing ductile-brittle transition of metals. However, each NFC has a different morphology and cannot be comparable to metals in failure mode and energy absorption characteristic during an impact test. A post evaluation of morphology of an NFC sample after an impact test is important to characterise the material.
Introduction
Natural fibre composites (NFC) are made of a polymer matrix reinforced with cellulose-based plant fibres such as flax, hemp, sisal, wood and jute. They are receiving increasing attention in automobile, building and other engineering applications. The composites are cost effective, and have low density, high specific strength and disposability. Furthermore, most of NFCs are recyclable while the natural fibre and biopolymer composites can be biodegradable [1] . NFCs have good electrical and chemical resistance. They also possess good thermal and acoustic insulating properties.
Despite many advantages of NFCs, their impact strength is low compared to synthetic fibre composites [2] . Impact resistance is the ability of a material to withstand a shock loading or an applied stress at high speed. Impact behaviour is an important mechanical property of engineering materials that are used for many popular applications including interior and exterior components of automobiles, buildings, aircrafts and many more. It depends on a number of parameters such as strength, elastic modulus, length and orientation of fibres, and fibre-matrix interfacial bond strength. It also depends on the type of test method used to measure the impact energy.
There are two categories of impact tests: low velocity impact, and high velocity impact [3] . Charpy, Izod and drop weight impact tests fall into the first category while the ballistics impact test falls into the second category. Charpy and Izod impact test methods are also known as pendulum method and are simple and easy to perform [4] . The method determines the amount of energy absorbed by notched or unnotched sample of a material during fracture. The absorbed energy is a measure of a given material's toughness and acts as a tool to study the ductile-brittle transition temperature.
Drop weight impact tests are generally used to test the impact behaviour of composite plates and components [5] . This test can closely resemble impact damage that could occur during in-service. Two categories of damages can be observed after a drop weight impact test. The first category is macro-damages that can be visible to the naked eye and the second is at microscale that can seldom be seen by the naked eye. Evaluation of both types of damage can be enhanced through the use of postimpact testing.
Low velocity impact test instruments can be modified to be sophisticated and instrumented impact test devices. These devices have three major components: the dynamic load cell (called tup), the data display system, and the signal processing unit [6] . The tup is placed on the impactor used to strike the specimen. The tup consists a strain gauge that measures the change in strain vs. time as the impactor strikes the specimen. The measured load and strain against the time can provide impact behaviour of a sample from the initiation to the end of failure.
The ballistics test is used to evaluate the impact resistance of composite panels and products such as composite armor [7] . The test involves the firing a high speed projectile at a product of interest and determining the localized the damage after the impact.
A review of impact test methods that are commonly used for NFCs are briefly presented in this paper. The impact resistance of some flax, hemp, sisal, wood and jute fibre composites that were measured using different test methods are compared and discussed. Finally, the benefits and limitations of using each method for NFCs are presented.
Impact test method

Pendulum method
In this method, a pendulum of a known weight is hoisted to a known height and allowed to fall and strike a specimen clamped at the bottom of the swing. The pendulum continues to swing up after breaking the specimen to a height somewhat lower than that of a free swing. The energy lost by the pendulum is measured as the impact energy of the specimen. Izod and Charpy use the same principle to measure the impact resistance [5] . The difference in both methods is that in the Charpy impact test the specimen is supported as a simple beam, and in the Izod impact test the specimen is supported as a cantilever. They also have different test procedure and specimen geometry as given in Table 1 . 
Drop weight impact test
The test is performed according to ASTM 7136. A known weight is dropped in a vertical direction and the impact energy is calculated from the dropped height. Since the falling weight either stopped on the test specimen, or destroyed the specimen completely and passed through it, the only result that could be obtained is of a pass or fail the test [8] . Falling weight impact have the following advantages over other methods:
• It is used for samples of moulded parts, plates and sheets.
• Failures originate at the weakest point in a sample and propagate from there. The failure propagation has no preferential direction.
• Samples don't have to shatter to be considered failures. Failure can be defined by deformation, crack initiation, or complete fracture, depending on the requirements.
Instrumented impact test
Instrumented impact test devices are made with electronic sensing instrumentations that can record the load on the test specimen continuously as a function of time and specimen deformation prior to fracture. The instruments can record strain or stress against time for the entire period of an impact test. The data from the acquisition system provides complete representation of impact test history rather than a value from a single calculated number. Another advantage is that the test times can be reduced because of its automated data acquisition system [9] . Instrumented drop weight and pendulum test equipment are considered to be the best general impact tests devices presently available. A very complete impact profile can be developed for an NFC using multiple tests at various rates. This approach is useful for simulation and comparison of NFC's functional impact resistance. There is enough flexibility to simulate real life conditions from multiple test data and perform audit inspections on samples, parts or moulded components.
Ballistics test
The European EN 1522 / 1523 and ASTM E3062 standards describe the Ballistics test. It is a high speed testing that is useful for the ultimate impact strength of composites. The ballistics testing is done by firing an impactor traveling in the range of 400-2000 m/s [10] . The Ballistics method consists of firing a high speed projectile at an object and determining after the impact how localized the damage is. Structural response of a material is less important in high velocity impact than in a low velocity condition. The damage area is more localized by the impact and the geometrical consideration is less important. This is a good method for testing impact resistance of natural fibre composites, and has been used for testing products such as composite panels, armors and windscreens of aircraft.
Impact strength of natural fibre composites
The impact strength of some natural fibre composites of flax, hemp, sisal, wood and jute are given in Table 2 . The type of matrix and the impact test method used for each composite are also listed in Table 2 . 
Comparison of different impact test methods
NFCs have growing interest in engineering, building and furniture applications that require impact resistance. Hence, a comparison of available impact test methods can help in choosing single or combination of correct test methods to obtain reliable and accurate impact properties. Izod and Charpy impact tests are easy and fast methods that allow to generate large amounts of data. However, the results obtained are not in-depth as well as do not reveal a great details about the impact property of material. These methods are cost effective to use as they can easily be set up to test a great number of specimens and generate a large amount of data within a short period of time.
Izod and Charpy methods were initially developed for metals and the test results were commonly used to compare the impact response of the materials. Metals are isotropic materials that are different from NFCs in composition, microstructure and manufacturing condition [33] . These method can miss important information of test specimen behaviour and characteristic of the material during the impact event and can provide misleading information of impact strength. For example, composites can fail internally but display no damage externally. Sophisticated instruments that consist of high speed photography are able to produce results showing the propagation of the crack induced by the impact load. These instruments allow the user to measure the force and/or strain more accurately. The data, however, may not be suitable for some composite materials due to the anisotropic nature of the material [34] . For these composites, results from an impact test have limitation to provide the overall behaviour of the materials. Furthermore, the simplistic nature of impact testing and test results from an NFC have limited post impact test methods that can be used for detail analysis of impact behaviour.
The drop weight impact test method is commonly used to evaluate the impact behaviour of a product or component that is normally from a "real world" application and cannot be tested using the Charpy or Izod instrument. The drop weight method can provide greater amount of information on the behaviour of a composite, for example, characteristics of interfaces of laminated composites [35] . The drop weight impact method also allows different configurations to be used depending on geometry and size of samples. Therefore, drop weight testing tends to be the preferred method when using low velocity impact testing. Drop weight testing results may be enhanced through post impact testing.
Natural fibre laminated composites can be subjected to delamination due to their low intraluminal strength. Shear and normal stresses can occur in the boundary layer of laminates under transverse and normal loading. The polymeric matrix of a composite shares the energy among the constituents and makes the composite to absorb impact energy. A low velocity impact state does not produce perforation, but creates delaminations between the layers with no visible damage on surfaces [36] . A composite may also have pre-existing delamination due to contaminated reinforcing fibres, insufficient wetting of fibres, machining and mechanical loading and the lack of reinforcement in the thickness direction [37] . Such defects can reduce the energy absorbing ability of a composite.
The mechanism and mode of failure of NFC can be affected by a few parameters due to low velocity impact loading conditions, i.e. fibre-matrix interface, type of fibre layup, specimen thickness, velocity and type of impactor [38] . Metals generally undergo elasto-plastic deformation prior to failure. Hence, they absorb energy during both elastic and plastic deformations during an impact test. Composite laminates have negligible plastic deformation and mostly absorb energy during elastic deformation. Since most composites are brittle in nature, they can absorb energy during elastic deformation and each composite can have similar damage mechanisms.
Ballistics is a high velocity test and cannot be directly compared to the Charpy, Izod and drop weight tests. It is complicated since a high velocity impactor is involved in the test. However, the Ballistics test is important when a sample of structural components should be assessed under an impact loading condition that is closer to reality. The Ballistics test is highly effective in replicating the behaviour of the composite components at high speed impact.
